Introduction
In gas chromatographic analysis, in order to assist automation and to improve precision, gas samples are usually injected by means of a gas-sampling valve which is connected to a sample loop of fixed volume. Sample gas is passed through the loop for a time sufficient to ensure that the loop contains only the sample under investigation. The sample gas supply is then shut off to allow the gas pressure in the loop to equilibrate to atmospheric pressure. Injection then follows. This procedure constitutes the standard 'stopped-flow' technique of injection. The column effluent passes directly from the detector into the atmosphere, so as long as no atmospheric pressure change takes place during the analysis, the 'injected' and 'detected' sample are exposed to the same atmospheric pressure. Through the operation of Boyle's law, an increase in atmospheric pressure will cause an increase in the mass of sample injected, but the concentration of sample in the detector cavity will tend to remain constant because of its dilution by carrier gas molecules whose number, predicted from the operation of Boyle's law, will vary linearly with atmospheric pressure [1 and 2] . Variation in atmospheric pressure is therefore predicted to have a minimal influence on response for a concentration-sensitive detector, but it should give rise to significant changes in response for a mass-sensitive detector [2] . Boek et al. [3] , have shown that for a flame ionization detector, a type of mass-sensitive detector, the situation is further complicated by the effect of atmospheric pressure on ionization efficiency.
For these reasons, and because of the additional need to analyse samples of gas supplied at subatmospheric pressure, an investigation into injection technique was initiated. The aim was to improve both accuracy and precision when these detectors are used. Favourable experiences with an already proven microcomputer-based sequence controller, which uses specially written software and hardware built to control an automatic gas chromatograph, led to its adoption for the investigation. The chromatograph utilizes the separation techniques developed by Deans et al. [4] , and is normally used for isothermal analysis of H2, O2, N2, CO, CH4, CO2, C2H4 and CzH. The current work 124 on injection technique has concerned only nitrogen. The sequencer operates four pneumatic valves, which are clamped together, and which, with associated needle valves, form an 'Injection Module'. This controls the passage of sample gas into the sample loop of the gas chromatograph, isolation of the loop from the laboratory atmosphere, and its evacuation by a vacuum pump, which is also under microcomputer control. A combination of an absolute pressure transducer with a specially constructed digital barometer, which contains electronic comparator circuits, supplies the microcomputer with signals that satisfy conditional tests (called 'Interrupts') created for its input ports within sequential control programs written in a high-level language. Any desired pressure in the loop can thus be achieved by placing the conditional tests before, or after, steps in the sequential control program which involve valve operation, and by setting appropriate values on the barometer. This paper describes the functional parts of the injection system, explains how it is used, and evaluates the results obtained for various applications. The results are discussed, and predictions are made about the influence of variations in atmospheric pressure on chromatographic response when analysing gases and liquids, using concentration-and mass-sensitive detectors. Conclusions Optimization of column switching and back-flushing times The automatic gas chromatograph incorporates three chromatographic columns (one primary and two secondary) in a column switching and back-flushing routine which uses 'external to the column oven' flow-switching techniques, after Deans et al. [4] . The figure 8 .
Before using the system for attaining a particular injection pressure, the openings ofneedle valves, NV1, NV 2, and NV3 (see figure 4 ), have to be set to satisfy the demands made by the chosen 'LO' and 'HI' set-points of the digital barometer on the supply of sample gas. Alternatively, if desired, the needle valves can be left alone and the regulator controlling the supply of sample gas can be adjusted instead.
Explanation of program 'TEST' (shown in figure 7) Note: TEST is for use without valve 16; needle valve NVs, connected to valve 14, is therefore permanently closed.
Step 1, 'ON 14', turns on valve 14 and allows the atmospheric pressure in the laboratory to be monitored.
Step 3, 3 s later, turns on valve 12 so that the sample loop is now being rapidly purged with sample gas.
Step 5, 10s later, turns off valve 14 so that pressure starts to build up in the loop. However, step 6 immediately tests whether or n6t the pressure is greater than that on the 'LO set-point' comparator of the digital barometer. As soon as it is greater, Interrupt 'LW 1' is satisfied at step 6, and step 7 is implemented; this turns off valve 12 and hence the supply of sample gas to the loop. Tle rising gas pressure has thus been caught at some value just greater than that set on the 'LO set-point' comparator.
Three seconds later, step 9 turns on valve 13 and hence supplies gas to the loop at a rate chosen to be low enough tc ensure that when the pressure set on the 'HI set-point' comparator is reached, Interrupt 'LW 2' at step 10 is implemented and valve 13 is switched off in step 11 at nearly the same pressure. The gas is now in the loop at the required 'set-point' pressure and PROSE executes step 12 which 'PERFORMS' the program 'ANALYSIS'.
NVa on outlet P2 of valve 13 ensures that pressure does not build up behind valve 13 when it is off. Without NVa, this buildup ofpressure would result in a sudden surge ofgas into the loop when valve 13 was opened and would cause the 'HI' set-point to be exceeded; this is particularly important for repeat analyses and inter-run 'fills'. Interrupt 'LW 2' at step 10 in TEST would then either not be implemented, or if it was, the following step 'OFF 13' would be implemented only when the pressure had already exceeded the 'HI' set-point. This again emphasizes the importance of matching the needle valve settings to the chosen set-points. The 'LO' set-point needs to be close enough to the 'HI' set-point to ensure that the slow 'fill' does not take too long, but it must not be so close as to result in the 'HI' set-point being exceeded during the fast 'fill'.
Other programs
In order to inject gas at the prevailing atmospheric pressure, this pressure is first measured, and the 'HI' set-point comparator is set to the measured value. ATMOS is used to effect automatic injection at atmospheric pressure. Alternatively, AGCSTOP can be used without having to monitor atmospheric pressure.
Either method simulates a 'stopped-flow' technique of injection.
SUBATMOS is used for attaining subatmospheric pressures with the vacuum pump.
Use of a printer
The incorporation of a printer greatly simplifies application of the injection technique since it is then only necessary to aim roughly for the desired injection pressure using the fast 'fill'; the print-out, which can be generated as often as desired, then confirms the pressure, just before injection, at injection and then during the analysis. A device eminently suited to this role is the SP4100 integrator. This 
Results

Using the digital barometer
For an ideal gas, Boyle's law predicts that, at constant temperature, the number of moles of gas injected will be directly proportional to the pressure of gas in the sample loop. Thus, for a thermal conductivity detector, the peak area response, which is directly proportional to the concentration of sample in the detector cavity and hence also to the number of moles injected, will be proportional to this pressure. This is confirmed by the regression data, shown in table 2, for nitrogen injected at a constant atmospheric pressure of 1008 mbar, over the pressure range vacuum to 1690mbar absolute. So for injections made always at the prevailing atmospheric pressure, these results might at first suggest that peak area response should increase linearly in this way with atmospheric pressure. However, for a thermal conductivity detector, the detector cavity is subject to the compensatory diluting effect [1 and 2] of increasing atmospheric pressure on sample concentration, through the increase in the number of moles of carrier gas present. The net result will therefore be from a combination of these two effects acting in opposition and is shown graphically, for nitrogen, as the lowest plot in figure 9 .
The influence of atmospheric pressure on peak area response, through its effect on the contents of the detector cavity alone, has been quantified by carrying out injections with the digital barometer set for absolute pressures of 1080, 1180, 1390 and 1690mbar. This has produced the other plots shown in figure 9 . Linear regression data for all these plots are given in table 2. Without the barometer AGCSTOP and AGCPURGE demonstrate the advantages of a 'rapid-purge', 'stopped-flow' technique of injection over a 'slowpurge' technique involving injection whilst purging the loop with sample gas. The levels of precision obtained with each technique for six analyses of nitrogen in each case were examined. AGCSTOP gave a 99 confidence interval of _+0"067o relative about the mean peak area, whilst the same interval with AGCPURGE was _+0.97.
The lower precision obtained from AGCPURGE is due to incomplete flushing out of carrier gas from the sample loop during the limited time available betweeen successive injections. figure 9 and the regression data in table 2) gives rise to a considerably reduced effect of atmospheric 132 pressure on peak area response. Thus, there is an increase ofonly 0"2 in response for an increase in pressure of 0"8 over a period of 60 days. This is good precision, even disregarding the known changes in atmospheric pressure, and is considered to be due to the thermal stability imparted on the contents ofthe sample loop by the column oven. However, the comments made previously in this paper concerning the residence time of the sample in the loop, would be relevant if the residence time were to vary. The somewhat poorer correlation between peak-area response and atmospheric pressure, which was obtained for injections made always at the prevailing atmospheric pressure, is considered to be due to the extra contribution to experimental error caused by resetting the digital barometer to the prevailing atmospheric pressure.
For a detector that is solely mass-sensitive, variations in atmospheric pressure should influence response mainly by altering the mass of sample injected [2] . A 'stopped-flow' technique of injection should then reveal significant changes in response as atmospheric pressure varies. The flame-ionization detector also suffers from the influence of atmospheric pressure on ionization efficiency [3] , which may reinforce or oppose the effect at the sample loop, depending on the chosen chromatographic conditions and gases analysed. Thus, for a flameionization detector, compensatory effects may well change direction with increasing atmospheric pressure [3] so that for a 'stopped-flow' technique ofinjection the chromatographer sees a net effect which, over one range of atmospheric pressure, is due to the sum of two effects, and over another, to their difference.
Because of the incompressibility of liquids, variations in atmospheric pressure will not be able to influence the volume, and hence the mass, of liquid sample injected. Use of a thermalconductivity detector when analysing liquid samples is therefore predicted to produce the same type of variation in peak-area response with changing atmospheric pressure as that shown in figure 9 for injections made at absolute pressures, independent of atmospheric pressure. Also, use of a solely mass-sensitive detector when analysing liquid samples should then produce no effect of atmospheric pressure variation at all, whilst use of a flame-ionization detector should reveal the effect that variation in atmospheric pressure has on response through its influence on ionization efficiency alone. It is true to say, however, that compensation for any changes in response which might occur will be possible through use of a technique involving internal standardization, and the poorer precision obtained when carrying out syringe injections should render less significant those changes in response that are due to variation in atmospheric pressure. Nevertheless, when analysing liquids it is worth knowing that there is predicted to be a contribution to variation in response from variation in atmospheric pressure.
When a digital barometer is employed for measuring injection pressure, a differential pressure transducer is preferred, since the operator then does not have to alter the Comparator set-point to be equal to the prevailing atmospheric pressure before each injection. It can simply be left at zero; this facilitates automation of the analysis. However, the resultant absolute pressure ofgas contained in the sample loop will then be equal to the sum of the digital barometer setting and the prevailing atmospheric pressure, so that in order to inject a constant mass of gas, the Comparator set-point will have to be altered by an amount equal to the change in atmospheric pressure, whenever that pressure changes. The use of an absolute pressure transducer in this investigation has facilitated automation ofinjection of a constant mass of gas, and whilst the Comparator set-point has been altered to the prevailing atmospheric pressure in order to inject this pressure of sample gas, a 'high-purge', 'stoppedflow' technique of injection could have been used instead. It is also possible to switch from one transducer to the other.
It should be said, however, that it is only when injecting at the prevailing atmospheric pressure that the diluting effect of carrier gas molecules on the concentration of eluted sample in the detector cavity will compensate for the reinforcing effect due to the increased mass of sample in the sample-loop. When In view of the comments concerning the variability of atmospheric pressure, it can be seen that for most analyses where a 'stopped-flow' technique ofinjection is employed, the injection pressure will be the same as the detection pressure. However, for particularly long analyses, and depending on the rate of change of atmospheric pressure with time, these pressures could differ.
Further, the relevant pressures could then differ for different components in the same chromatographic analysis. Thus, even though (for a thermal-conductivity detector)compensatory effects have been shown to minimize the effect of variations in atmospheric pressure on response, a long analysis carried out during turbulent weather could give rise to over-or undercompensation so that a net effect on response would be observed. The current work has not sufferred in this way because of the very short retention time of nitrogen. It is true to say, however, that where changes in atmospheric pressure do not occur during a period of time equal to about three times that for a complete analysis, the analysed sample can always be 'bracketed' by calibration samples. This eliminates the effects on results of longer-term variations in atmospheric pressure [5] .
The work report here shows that infrequent calibration could give rise to random errors in results, and that, depending on the technique of injection and type of detector employed, the use of absolute response factors may require measurement of atmospheric pressure.
Conclusions
A specially constructed microcomputer-controlled sampleinjection system is shown to be suitable for achieving any desired pressure of sample gas in the sample loop of a gas chromatograph, between vacuum and 25 lbf/in2.
The microcomputer facilitates experimentation by providing a highly flexible way of controlling injection technique with special software. This software also aids optimization ofcolumn switching and back-flushing times in the associated automatic chromatographic anlaysis when combined with specially constructed hardware, and BASIC software in an SP4100 integrator.
Use of a combination of an absolute pressure transducer with a specially built digital barometer allows the influence of variations in atmospheric pressure on chromatographic response to be confined to the detector cavity. The results obtained show that there is a linear, negative correlation between peakarea response and atmospheric pressure for injections of nitrogen at absolute pressures of 1080, 1180, 1390 and 1690mbar when using a thermal-conductivity detector with helium carrier gas. The linear, negative correlation is explained by the diluting action of carrier gas molecules on the concentration ofsample in the detector cavity even though this would at first appear to demand a rectangular hyperbolic relationship between peak-area response and atmospheric pressure. This explanation is shown to be justified by the observed correlation--inspection ofthe curve for a rectangular hyperbola reveals that the curve is virtually linear at its extremities. The results could thus conceivably be at the upper extremity of each of the complete hyperbolic curves for the particular chromatographic system used in this investigation. Investigation over a wider range of variation in atmospheric pressure (lower pressures in particular)might reveal the expected hyperbola.
The use ofan absolute pressure transducer has not prevented an accompanying investigation into the effects of variation in atmospheric pressure on response when injecting at atmospheric pressure. When using the 'stopped-flow' injection technique the chromatographer can always measure the prevailing atmospheric pressure and then set the digital barometer to this value before injection. However, the use of a differential transducer would aid further automation of the 'stopped-flow' injection procedure but would then require resetting of the digital barometer to maintain a constant mass of gas in the sample loop.
Use of 'stopped-flow' injection is shown, when nitrogen is analysed with a thermal-conductivity detector, to give rise to only a very small change in peak-area response with varying atmospheric pressure. This is explained by the operation of two mutually compensatory effects of variation of atmospheric pressure on response, which act at the sample loop and detector simultaneously. The reinforcing effect on response through behaviour at the sample loop is compensated for by the diluting effect of carrier gas molecules at the detector.
However, where a component with a long retention time is analysed during periods of rapidly changing atmospheric pressure, the effects on response of changes in atmospheric pressure at the sample loop will be .over-, or under-, compensated for by the corresponding changes in atmospheric pressure at the detector. Under such conditions, there could be significant changes in response for a thermal conductivity detector. Further, the atmospheric pressure at the detector could then be different for different components in the analysed mixture, with similar consequences.
It is predicted that when a solely mass-sensitive detector is employed, variations in atmospheric pressure will alter response mainly through an effect on the mass of sample injected. For a flame-ionization detector, variations in atmospheric pressure are predicted to influence response additionally through their effect on ionization efficiency, and the net effect on response will depend on the chromatographic conditions and gases analysed. 
Special conditions
The normal elution order of carbon monoxide (after methane, on molecular sieve 13X), is reversed, by only partially activating the molecular sieve, by heating the packed column whilst carrier flows, at 175C. for 4 h, after prior removal offines in the bulk material by washing it in distilled water and then carrying out decantation.
